The range of naturally occurring variation in the ability of Bdellovibrio strains to attack 12 and kill Gram-negative bacteria is not well understood. Defining phenotypic and associated 13 genotypic variation among Bdellovibrio may further our understanding of how this genus 14 impacts microbial communities. In addition, comparisons of the predatory phenotypes of 15 divergent strains may inform the development of Bdellovibrio as biocontrol agents to combat 16 bacterial infections. We isolated Bdellovibrio sp. NC01 from soil and compared its genome and 17 predatory phenotypes to B. bacteriovorus type strain HD100. Based on analysis of 16S rRNA 18 gene sequences and average amino acid identity, NC01 belongs to a different species than 19 HD100. Genome-wide comparisons and individual gene analyses indicated that eight NC01 20 genome regions were likely acquired by horizontal gene transfer (HGT), further supporting an 21 important role for HGT in Bdellovibrio genome evolution. Within these regions, multiple 22 protein-coding sequences were assigned predicted functions related to transcriptional regulation 23 and transport; however, most were annotated as hypothetical proteins. Compared to HD100, 24 NC01 has a limited prey range and kills E. coli ML35 less efficiently. Whereas HD100 25 drastically reduces the ML35 population and then maintains low prey population density, NC01 26 causes a smaller reduction in ML35, after which the prey population recovers, accompanied by a 27 decrease in NC01. In addition, NC01 forms turbid plaques on lawns of E. coli ML35, in contrast 28 to clear plaques formed by HD100. Characterizing variation in interactions between Bdellovibrio 29 and Gram-negative bacteria, such as observed with NC01 and HD100, is valuable for 30 understanding the ecological significance of predatory bacteria and evaluating their effectiveness 31 in clinical applications.
Introduction
Pasteur pipette to extract single, well-defined plaques from the top agar. We combined each 126 plaque with 500 µl of sterile HM buffer, incubated the plaque suspension at room temperature 127 for at least 5 minutes, then vortexed it vigorously. 128 To culture predatory bacteria from the plaque suspensions, we made lysates combining 129 300 µl of each plaque suspension, 1.5 ml of an overnight culture of Serratia 0043 and 20 ml 130 sterile HM buffer. Serratia 0043 was also isolated from a soil environment, and switching to this 131 prey species during the isolation procedure selected for predatory isolates that were capable of 132 attacking both Pseudomonas and Serratia, which belong to different orders. We incubated 133 lysates at 28°C and 200 rpm. After 48 h, one lysate showed small, fast-moving cells, and we 134 used this lysate to begin two additional rounds of serial dilution, plating and plaque picking to 135 ensure a pure isolate. We used Serratia 0043 as prey during both of these rounds. After the final 136 round, we filtered the plaque suspension using a 0.45 µm filter, then combined 500 µl of filtrate 137 with 500 µl of sterile 50% glycerol and stored the stock at -80°C. 138 To identify NC01, we extracted the 16S rRNA gene sequence from the NC01 genome 139 based on the annotation generated by PGAP (see below for genome sequencing and annotation 140 methods). Using SINA 1.2.11 (30) Halobacteriovorax marinus BE01 CP017414, Halobacteriovorax marinus SJ NC_016620). We 147 8 then inferred a phylogeny from the alignment with the online server RAxML Blackbox (35), 148 using 100 bootstrap replicates to estimate the confidence of the topology. 149 To further investigate the relationships among NC01 and other Bdellovibrio, we used an 150 average amino acid identity (AAI) calculator (http://enve-omics.ce.gatech.edu/) (36) to analyze 151 the similarity among protein-coding sequences from NC01, 109J, HD100 and W, as annotated by 152 RAST (see below for genome sequencing and annotation methods).
153
Negative stain electron microscopy of Bdellovibrio sp. NC01 154 To obtain samples of Bdellovibrio sp. NC01 for negative stain electron microscopy, we 155 added a small amount of the -80°C freezer stock to 20 ml of HM buffer mixed with 1.5 ml of an 156 overnight culture of E. coli ML35 grown in TSB. After 48 h of incubation at 28°C and 200 rpm, 157 we stained samples with uranyl acetate following a previously described procedure (23) and 158 imaged the resulting specimens using a JEOL CX 2000 transmission electron microscope.
159
Genome sequencing, annotation and analysis of Bdellovibrio sp. NC01
160
To obtain genomic DNA, we combined a small amount of the -80°C stock, 1.5 ml of an 161 overnight culture of E. coli ML35 and 25 ml of sterile HM buffer. We chose ML35 as prey 162 because it is a standard prey strain used in cultivation of Bdellovibrio, and the genome sequence 163 is available for screening reads if needed (37). After 72 hours of incubation at 28°C and 200 rpm, 164 we centrifuged the lysate at 9100 rpm for 10 minutes to pellet bacterial cells. Because PacBio 165 sequencing technology requires at least 10 µg of genomic DNA, we did not filter the lysate to 166 prevent loss of predatory bacteria cells. We then used the Wizard Genomic DNA purification kit 167 to extract genomic DNA, following the manufacturer's instructions beginning with resuspension 168 of the pellet in 600 µl of the kit's nuclei lysis solution. For the final rehydration step, we To close the genome, we used BLASTN to identify overlap in the ends of the contig and 184 trimmed the sequence to generate a closed contig of 3,975,771. We also adjusted the start site so 185 that the first nucleotide of the closed genome sequence corresponds to the first nucleotide in the 186 start codon of dnaA. To polish this sequence, we used 250 bp paired-end Illumina MiSeq data 187 generated at the Rhode Island Genomics and Sequencing Center. We filtered and trimmed the 188 raw read dataset to retain only those read pairs for which the quality score of every base was ³13 189 and the read length was ³65. This yielded 1,256,135 read pairs. Using bwa-mem (39), samtools 190 (40) and Pilon (41), we aligned these reads to the closed genome sequence and corrected 1 SNP, 191 84 small insertions totaling 85 bases and 4 small single-base deletions. We manually examined Phenotype assays to test prey range and predation efficiency 200 We obtained Bdellovibrio bacteriovorus HD100 from Mark Martin (University of Puget 201 Sound, Puget Sound, WA) for predatory phenotype comparisons. To conduct phenotype assays, 202 we adapted standard methods (32, 33, 49) . To culture Bdellovibrio NC01 and HD100, we added 203 a small amount of -80°C stocks to 20 ml HM buffer combined with 1.5 ml of an overnight 204 culture of E. coli ML35. After 72 hours of incubation at 28°C and 200 rpm, we filtered the lysate 205 using a 0.45 µm filter to separate predatory cells from prey cells and cell debris. For each 206 phenotype assay described below, we followed this protocol to obtain attack phase Bdellovibrio 207 cells.
208
To test prey range and plaque appearance, we plated 10-fold serial dilutions of filtered 209 lysate using a double agar overlay method as described above for the isolation procedure. Each 210 tested prey strain was grown in 120 ml TSB overnight at 28°C and 200 rpm, with the exception 211 of Escherichia strains, which were grown at 37°C. After centrifugation and washing, we 212 resuspended prey cell pellets in 5 ml of sterile HM buffer. Based on cfu/ml counts, this yielded 213 concentrations of at least 10 8 cfu/ml, which ensured a dense prey lawn for visualizing plaques.
214
For some prey strains, we added 500 µl of prey resuspension to top agar to improve our ability to 215 11 detect and observe plaques in the prey lawn. We incubated plates at 28°C for 8 days before 216 scoring plaque formation and performed three replicates for each prey strain. In observations of 217 plaque appearance, we photographed plates at multiple time points over the course of 8 days.
218
To test predation efficiency, we adapted a protocol described in (18). We centrifuged the 219 filtered lysate at 8500 rpm for 10 minutes. The resulting pellet of predatory bacteria was 220 resuspended in sterile HM buffer to yield ~10 8 cells/ml based on direct cell counts using a 221 Petroff-Hausser counting chamber and 1000x phase-contrast microscopy. To ensure that direct 222 cell counts provided accurate estimates of active predatory bacteria concentrations, we validated 223 the method by comparing cells/ml estimated using the Petroff-Hausser counting chamber with 224 plaque-forming units/ml estimated using serial dilution and double agar overlay to count plaques 225 in a prey lawn. Results from two replicates showed that direct cell counts were slightly lower 226 than pfu/ml counts, but within the same order of magnitude (direct cell counts: 3.94 x 10 8 227 cells/ml and 2.58 x 10 8 cells/ml, plaque counts: 9.2 x 10 8 pfu/ml and 4.7 x 10 8 cells/ml).
228
To initiate the predation efficiency assay, we combined 500 µl of Bdellovibrio cell 229 resuspension (at ~10 8 cells/ml) with 12.5 ml of an overnight culture of E. coli ML35 diluted to 230 OD600 0.15 (range: 0.135 -0.165). This yielded ~10 8 cfu/ml, therefore the predation efficiency 231 assay results reported here are based on a predator:prey ratio of approximately 1:1. As a control, Using Gram-negative soil bacteria isolated from a residential area as prey, we performed 238 an enrichment followed by three rounds of plaque picking to obtain a pure isolate of predatory 239 bacteria from a sample of soil collected at a bioswale on the Providence College campus. The 240 bioswale is a manmade landscape feature designed to collect and filter stormwater runoff from 241 nearby buildings. We designated the bioswale soil isolate as NC01. Using 1000x phase-contrast 242 microscopy of lysates combining NC01 and Gram-negative prey, we observed small, fast-243 moving attack phase NC01 cells that attached to prey cells (Figure 1a ). We also observed 244 rounded structures characteristic of bdelloplasts, suggesting that NC01 uses a cell invasion 245 strategy similar to Bdellovibrio bacteriovorus. Negative stain electron microscopy showed that bacteriovorus HD100, which is the type strain of the species, showed 97% similarity across 253 1,516 nucleotides. This value is above the 95% similarity cutoff typically used to define bacterial 254 genera (50), which supports identifying NC01 as Bdellovibrio. However, it is below the 98.7% 255 similarity cutoff typically used to define species (51), which suggests that NC01 belongs to a 256 different species than bacteriovorus. 257 To explore this further, we compared the average amino acid identity (AAI) of 258 Bdellovibrio strains NC01, W, HD100 and 109J (Table 1) . HD100 and 109J, which are both 259 identified as B. bacteriovorus, cluster in a well-supported clade in the 16S rRNA phylogeny, and 260 13 their protein sequences are highly similar (average AAI 99.2%). However, NC01 protein 261 sequences are <70% similar on average to HD100 and 109J protein sequences, supporting the 262 conclusion that NC01 belongs to a different species than these two strains. NC01 protein 263 sequences are even less similar on average to those of strain W, suggesting that NC01 does not 264 belong to the same species as this strain. Based on these analyses, we chose not to designate a 265 species for NC01, and we refer to this isolate as Bdellovibrio sp. NC01. Bdellovibrio sp. NC01 is larger than that of both HD100 and W ( Table 2 ). The GC content of the 272 NC01 genome is lower than that of HD100, but slightly higher than that of W. Using the BLAST regions, TBLASTN did not produce any alignments to HD100 or W with >70% query coverage.
289
For those protein-coding sequences that did align to HD100 and/or W with >70% query coverage, 290 identity was low (<40%) for most of the sequences. Less than five protein-coding sequences in 291 each region aligned to HD100 or W at >70% coverage and >40% identity. This suggests that the 292 protein-coding sequences in the eight NC01 genome regions are missing from HD100 and W, 293 instead of divergent.
294
In addition to comparisons against HD100 and W, we also used BLASTP to align amino 295 acid sequences annotated in each region by RAST against the non-redundant GenBank database.
296
For each sequence, we examined the top 250 alignments for any sequences identified as content between NC01 and Bdellovibrio in the database may be the result of HGT events that 306 occurred before the divergence of NC01 and these strains.
307
The hypothesis that the eight NC01 genome regions were acquired by horizontal gene 308 transfer is also supported by predicted functions of the protein-coding sequences encoded within To assess variation in predatory phenotypes between Bdellovibrio sp. NC01 and B. 328 bacteriovorus HD100, we assayed prey range and predation efficiency. To determine prey range, 329 we tested NC01 and HD100 against a panel of eight Gram-negative bacteria isolated from 330 different environments, including a freshwater stream and soil from a residential area (Table 3) .
331
Plaque formation on a bacterial lawn indicates that the predatory isolate is able to attack and lyse 332 that particular Gram-negative prey strain. NC01 formed plaques on lawns of five of the eight 333 prey strains tested, whereas HD100 formed plaques on lawns of all eight prey strains. NC01 was 334 not able to attack and lyse two prey strains belonging to Acinetobacter and Raoultella that were 335 isolated from a freshwater stream. In addition, although NC01 formed plaques on E. coli ML35, 336 it did not attack and lyse E. coli 0057.
337
To measure predation efficiency, we quantified viable E. coli ML35 by calculating cfu/ml 338 at different time points over 72 hours of co-culture with NC01 or HD100 (Figure 4 ). In the 339 absence of predatory bacteria, we did not observe any reduction in viable E. coli ML35, In addition to quantitative differences in the ability of Bdellovibrio sp. NC01 and B. 366 bacteriovorus HD100 to kill E. coli ML35, we also observed qualitative differences in the 367 appearance of plaques formed by each strain on lawns of ML35 ( Figure 5) . In contrast to HD100, 368 which forms completely clear, regular plaques, NC01 forms plaques of a similar size, but with 369 incomplete clearance of the prey lawn within the plaques. Some NC01 plaques remain 370 completely turbid over eight days of incubation, whereas others retain a turbid center but begin 371 to clear on the edges of the plaque.
372

Discussion
373
We isolated Bdellovibrio from soil collected at a manmade landscape feature designed for 374 stormwater management on a college campus. By comparing 16S rRNA gene sequences and 375 analyzing average amino acid identity (AAI) among multiple sequenced Bdellovibrio, we 376 determined that the Bdellovibrio isolate was sufficiently divergent from B. bacteriovorus type 377 strain HD100 and other B. bacteriovorus strains that it should be identified as a different species.
378
The only other species currently described within Bdellovibrio is exovorus; however, this species 379 uses an epibiotic predation strategy that differs from the cell invasion strategy observed by 380 microscopy for the soil Bdellovibrio isolate described here. Pending further characterization, we 381 designated the isolate as Bdellovibrio sp. NC01.
382
Because Bdellovibrio sp. NC01 is phylogenetically divergent from HD100 and other 383 intraperiplasmic Bdellovibrio with sequenced genomes, this isolate provides a valuable 384 opportunity to assess variation in genome content and predatory phenotypes among Bdellovibrio. Alignment by BLASTP of amino acid sequences encoded within two of the eight regions 395 against the GenBank database suggested that these two regions may have been acquired recently 396 by Bdellovibrio sp. NC01, because most of the sequences did not align to Bdellovibrio sequences 397 (complete or partial) in the database. This indicates that, given the current representation of 398 Bdellovibrio in the database, gene content in these two regions is mostly unique to NC01. For the 399 other six regions, the majority of amino acid sequences encoded in these regions aligned to 400 Bdellovibrio sequences in the database. This suggests that these Bdellovibrio strains may be 401 closely related to NC01, and the HGT events corresponding to acquisition of these six regions 402 occurred in the ancestral lineage before NC01 diverged from these strains. Addition of more 403 complete Bdellovibrio genomes to the database will improve our ability to reconstruct 404 evolutionary events such as horizontal gene transfer. in predatory phenotypes, it is essential to assign functions to protein-coding genes.
415
In addition to genome comparisons, we also compared predatory phenotypes between 416 Bdellovibrio sp. NC01 and B. bacteriovorus type strain HD100. Based on plaque formation on 417 20 lawns of eight different Gram-negative bacteria, NC01 has a more restricted prey range than 418 HD100. In particular, HD100 was able to attack and kill both tested strains of E. coli, whereas 419 NC01 was only able to attack and kill E. coli ML35. Other researchers have also observed that a 420 particular Bdellovibrio strain may vary in its ability to kill different members of the same species 421 (16, 56); however, the mechanisms governing these outcomes are not known. reported as a characteristic of prey-independent mutants of Bdellovibrio; however, these plaques 448 are typically smaller than those formed by the wild-type strain and sometimes have a small 449 colony of host-independent Bdellovibrio at their center (59, 60). Neither of these features were 450 observed when comparing NC01 and HD100 plaques, suggesting that the NC01 plaque 451 phenotype is not the result of prey-independent growth. Turbid plaques formed by NC01 may 452 arise from incomplete lysis of E. coli ML35 cells. If prey cells are successfully invaded but not 453 lysed, Bdellovibrio progeny will be trapped, which would explain the incomplete clearance of 454 the prey lawn and the decrease in the NC01 population observed during predation efficiency 455 assays. Further work will test this hypothesis. 456 Overall, comparisons between Bdellovibrio sp. NC01 and B. bacteriovorus HD100 457 identified variation in predation phenotypes that may have important implications for the 458 ecological impact of each of these strains and their effectiveness in clinical applications. The 459 molecular mechanisms governing phenotypes such as prey range and predation efficiency are not 460 known. Comparative genomics can generate hypotheses linking gene content differences to 461 observed phenotype differences, but the lack of functional annotation for many protein-coding 462 genes complicates this effort. It is also likely that the outcomes of interactions between predatory 463 22 bacteria and prey, such as whether or not two different Bdellovibrio can kill the same Gram-464 negative strain, are dependent upon mechanisms specific to the Bdellovibrio strain and 465 mechanisms specific to the prey strain. Defining these mechanisms is key for understanding 466 variation in predatory phenotypes among divergent Bdellovibrio.
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